Study Design: A retrospective clinical review. Purpose: To investigate the difference in clinical manifestations and severity between polymicrobial and monomicrobial infections after spinal surgery. Overview of Literature: Surgical site infections (SSIs) after spinal surgery are a major diagnostic and therapeutic challenge for spinal surgeons. Polymicrobial infections after spinal surgery seem to result in poorer outcomes than monomicrobial infections because of complementary resistance to antibiotics. However, comparison of the clinical manifestations and severity between polymicrobial and monomicrobial infections are limited. Methods: Sixty-seven patients with SSIs after spinal surgery were studied: 20 patients with polymicrobial infections and 47 with monomicrobial infections. Pathogenic bacteria identified were counted and classified. Age, sex, and body mass index were compared between the two groups to identify homogeneity. The groups were compared for clinical manifestations by surgical site, postoperative time to infection, infection site, incisional drainage, incisional swelling, incisional pain, neurological signs, temperature, white blood cell count, and the percentage of neutrophils. Finally, the groups were compared for severity by hospital stay, number of rehospitalizations, number of debridements, duration of antibiotics administration, number of antibiotics administered, and implant removal. Results: Polymicrobial infections comprised 29.9% of SSIs after spinal surgery, and most polymicrobial infections (70.0%) were caused by two species of bacteria only. There was no difference between the groups in terms of clinical manifestations and severity. In total, 96 bacterial strains were isolated from the spinal wounds: 60 strains were gram-positive and 36 were gram-negative pathogenic bacteria. Staphylococcus aureus, Staphylococcus epidermidis, Escherichia coli, and Enterobacter cloacae were cultured in order of the frequency of appearance. Conclusions: Most polymicrobial infections were caused by two bacterial species after spinal surgery. There was no difference in clinical manifestations or severity between polymicrobial and monomicrobial infections.
Introduction
Spinal infections are a major diagnostic and therapeutic challenge for spinal surgeons. Surgical site infections (SSIs) after spinal surgery, which occur at a rate of 0.7%-12.2% [1] [2] [3] [4] , typically result in higher postoperative morbidity, mortality, and health care costs. In particular, health care costs can increase by as much as four-fold [5] because of the necessary prolonged hospitalization, higher dosage of antibiotics, multiple debridements, or even removal of the implants [6] .
An SSI can be due to either a single microbial species (monomicrobial) or multiple species (polymicrobial). Proof of polymicrobial infection is generally based on the isolation of ≥2 species of microorganisms from ≥2 cultures of secretion from the incision or intraoperative tissue specimens; or the isolation of ≥2 species in ≥1 intraoperative cultures and evidence of infection in the surgical site (e.g., purulence, acute inflammation, or a sinus tract communicating with the surgical site) [7, 8] . The involvement of multiple species makes SSIs relatively more difficult to control and treat.
After spinal surgery, polymicrobial SSIs seem to be associated with higher rates of treatment failure, often due to complementary cross-species resistance to a diverse set of antibiotics [9] . However, comparisons of the clinical manifestations and severity between polymicrobial and monomicrobial infections in previous investigations are limited. This study was designed to investigate the differences in clinical manifestations and severity between polymicrobial and monomicrobial infections after spinal surgery.
Materials and Methods

Patients
Between July 2004 and December 2012, a total of 28,778 patients underwent spinal surgery. All the patients were administrated cefuroxime (Zinacef, GlaxoSmithKline, Verona, Italy) prophylactic antibiotics 30 minutes before the skin incision and preferably for 48 hours as an intravenous infusion postoperatively.
In total, 108 patients were identified with SSIs after spinal surgery, and the total infection rate was 0.38%. Among them, 41 patients with SSIs (38.0%) with culturenegative results were excluded. The other 67 patients with SSIs (62.0%) caused by identified microorganism(s) were enrolled in this retrospective study, and the culture-positive infection rate was 0.23%. All the participants were provided informed consent before enrollment. This study was approved by our Institutional Review Board and was supported by two governmental grants (see the "Acknowledgments").
Diagnostic criteria
All the patients were evaluated in accordance with the guidelines for the prevention of SSI as defined by the Centers for Disease Control and Prevention, including the criteria for both superficial and deep SSIs [10] . Superficial SSIs included infections that occurred within 30 days after the operative procedure and involved only the skin and subcutaneous tissue of the incision. Deep SSIs included infections that appeared to be associated with the operative procedure and involved deep soft tissues of the incision (e.g., fasciae and muscle layers). Deep SSIs occurred within 30 days after the operative procedure if no implant was left in place or within 1 year if the implant remained in place. SSIs after spinal surgery can have an early onset and delayed appearance. We defined late infections as those that occurred >30 days after the primary surgery, whereas the early-onset infection occurred ≤30 days postoperatively [11] .
Infection management
All 67 patients with SSIs were administered antibiotics. Once SSIs were suspected, secretion from the incision or blood was sampled for bacterial culture and drug susceptibility tests before administering intravenous broad-spectrum antibiotics (second-or third-generation cephalosporins). Antibiotics were adjusted according to the outcome of the bacterial culture and drug susceptibility test, and oral antibiotics were administered if necessary. Two or more types of antibiotics were intravenously administered in patients with polymicrobial infection, whereas only one type of antibiotics was used in most patients with monomicrobial infection. To allow for continual adjustment of the dosage of antibiotics, an incision secretion sample was sent for bacterial culture and drug susceptibility tests every 2-3 days. Drug susceptibility tests showed that one patient with methicillin-resistant Staphylococcus aureus (MRSA) infection was sensitive to vancomycin at the be-ginning of antibiotic therapy, but turned to vancomycinintermediary staphylococcus aureus during the late period of treatment. The other patients did not develop resistance during the treatment period. During the course of the treatment, there was no emergence of new microorganism species. The number of microorganism species decreased in most polymicrobial infections, and some polymicrobial infections were converted to monomicrobial infection during the later periods of treatment.
After antibiotic therapy, clinical symptoms and signs (e.g., body temperature and wound) improved in seven of the 67 patients. Debridement was performed in other 60 patients, in whom little symptomatic improvement was achieved after 2-3 days of antibiotic treatment. In debridement, necrotic tissues and loosened grafted bones were removed, and the wound was repeatedly irrigated with hydrogen peroxide, diluted iodophor, and normal saline. Irrigation and drainage tubes were inserted into the wound before closure. After debridement, irrigation with sensitive antibiotics and drainage continued. The irrigation volume and time to remove the irrigation and drainage tubes depended on the result of the drainage culture. Sixty patients underwent debridement for an average of 1.5 times, with 18 of 60 patients undergoing debridement more than once. Implants were removed to control the infection in nine patients, including three patients with MRSA infection.
Use of antibiotics continued during the periprocedural period of debridement. Standard medicaltherapy following debridement included 6 weeks of intravenous antibiotics and, in some cases, long-term suppressive oral antibiotics if the surgeon and the infectious disease consultant thought this was indicated. Indications for withdrawal of antibiotics were as follows: normal body temperature; three consecutive negative bacterial cultures; and three consecutive normal white blood cell count and C-reactive protein level, with downtrend of erythrocyte sedimentation rate. After administration of antibiotics, hepatic and renal functions were monitored weekly. No side effects or abnormal hepatic and renal functions were noted during the administration of antibiotics.
Data collection and grouping
Data were compiled from electronic medical records. Detailed microbiological characteristics were gathered from the bacterial culture reports. Patients with polymicrobial infections had ≥2 distinct cultures growing different species. In some patients, multiple organisms were cultured from the same surgical specimen or patient and each unique organism was counted as a positive culture. If the same organism was recovered from multiple specimens in an individual patient, it was counted once.
The patients were classified into either a monomicrobial infection group (n=47) or a polymicrobial infection group (n=20).
Statistical analysis
The t-test was used to compare the monomicrobial and polymicrobial infection groups with regard to age, body mass index (BMI), temperature, white blood cell count, percentage of neutrophils, hospitalization, number of rehospitalizations, number of debridements, duration of antibiotics administration, and number of antibiotics administered. The chi-squared test was used to compare the other categorical variables between the two groups. Statistical significance was considered as P<0.05. All the statistical analyses were performed using SPSS ver. 16.0 statistical software (SPSS, Chicago, IL, USA).
Results
Homogeneity tests
There were 47 patients in the monomicrobial group and 20 in the polymicrobial group. For the homogeneity test, age, gender distribution, and BMI were similar (Table 1) . 
Microbiological tests
In total, 108 patients were identified with SSIs after spinal surgery; in 67 patients (62.0%), SSIs were culture-positive and caused by identified microorganism(s). Ninety-six strains of bacteria were identified from the bacterial culture of 67 SSIs (Table 2) Shown as number of patients in whom organisms were cultured from intraoperative specimens.
contained only gram-positive bacteria, whereas 10% (2/20) contained only gram-negative bacteria. Polymicrobial infections in 14 (70%) patients were caused by two species of bacteria, infections in three patients were caused by three species of bacteria, infections in two patients were caused by four species of bacteria, and infection in one patient was caused by five species of bacteria. Bacterial strains in polymicrobial infections are listed in Table  3 , and the antibiotics administered to the patients in the polymicrobial group are shown in Table 4 .
Clinical manifestation and management
The majority of SSIs (64/67) occurred within 30 days of the initial surgery. The two groups were similar with regard to the following: surgical site, postoperative time to infection, infection site, incisional drainage, incisional swelling, incisional pain, neurological signs, temperature, white blood cell counts, and percentage of neutrophils (Table 5) . To treat SSIs, debridement, irrigation-suction, or even implant removal was performed when necessary. The case of a patient with wound infection with methicillin-resistant Staphylococcus aureus after lumbar surgery is shown in Fig. 1 . The two groups were comparable in terms of hospital stays, number of rehospitalizations, number of debridements, duration of antibiotics administration, and number of antibiotics administered (Table 6 ). Among 47 patients in the monomicrobial group and 20 patients in the polymicrobial group, 45 and all patients underwent a spinal implant operation, respectively. Six of 45 patients in the monomicrobial infection group and three of 20 patients in the polymicrobial infection group required removal of the implant to control the infection. There were no significant differences in the implant removal rate between the two groups (Table 6 ).
Treatment outcomes
Amongthe 67 patients, one patient died of MRSA septicemia, which manifested as fever, alalia, and incisional swelling when the infection occurred. The patient had pulmonary and urinary tract infections during the period of hospitalization and ultimately died of multiple organ failure.
Sixty-six patients had healed wounds. Among 65 patients with internal fixation, the implants were maintained in 56 patients, whereas they were removed in nine patients. The infections in these nine patients were controlled by implant removal. All 66 patients were followed for 25-177 months (average, 70 months), with no recurrence of infection at the last follow-up. Reported as n, unless noted otherwise. 
Discussion
SSIs after spinal surgery are generally associated with serious morbidity, mortality, and increased resource utilization [12, 13] . Antibiotics are commonly used to prevent and treat bacterial infections after spinal surgery [14] . However, the improper use of these medications may lead to even higher risk of infections as bacterial strains have the potential to evolve through the wide spread and frequent use of antibiotics. As a result, infections can become more difficult to control. Thus, monitoring the common infection-causing bacteria in a clinic is of considerable importance for guiding the rational use of antibiotics. An unexpected finding of this study was the low culture-positive rate, which was 62.0%. This is lower than the rate described in the literature, which ranges from 96.1% to 97.0% depending on the study populations [15, 16] . The lower rate observed in our study may be because of the fact that antibiotics were administered in some patients before bacterial sampling, even when there was no secretion from the incision. Among 67 patients with SSIs, 14 (20.1%) demonstrated no incisional drainage in this study ( Table 5) .
As defined earlier, polymicrobial infection refers to isolation of two or more species of microorganisms from at least two cultures of an incision secretion or intraoperative tissue specimen or isolation of two or more species of microorganisms in at least one intraoperative tissue specimen with evidence of infection in the surgical site. Bacterial contamination should be considered when a large number of colonies grow in noninoculated areas or more than three species of microorganisms are isolated in apetri dish with one sample. The clinical manifestation of polymicrobial infections differs from that of monomicrobial infections, especially with regard to drug resistance and therapeutic effects. In the present study, we investigated the influence of polymicrobial infections on clinical manifestation and severity. Unlike the report by Abdul-Jabbar et al. [15] , we did not find any significant differences between the monomicrobial and polymicrobial groups regarding clinical manifestation or severity. This may be attributed to the different surgical procedures. In their study, surgical procedures involving the sacrum were significantly associated with polymicrobial infections. However, no sacrum surgical procedures were included in our study. Nevertheless, our data suggest no correlation between polymicrobial infections and surgical site (Table 5 ).
While polymicrobial infections may lead to unsatisfactory treatment outcomes, a multivariate logistic regression analysis suggested that polymicrobial infections are not an independent risk factor associated with the treatment failure [16] . Similar results were reported in another study of prosthetic joint infections [8] . The outcomes of polymicrobial prosthetic joint infections were similar to those of monomicrobial infections, and no statistically significant differences were found in 2-year free-of-failure survival between the two groups. In the study by Mok et al. [9] , multiple debridements were significantly associated with polymicrobial infections, whereas in our present study, no significant differences were noted. Such differences in findings could be due to sampling size, as the former study included a relatively smaller number of patients (seven with monomicrobial and nine with polymicrobial infections) compared to ours (47 with monomicrobial and 20 with polymicrobial infections). The larger sample size may generate more reliable results. Nevertheless, for future study, additional high-quality, multi-center, largesample randomized controlled trials are required.
In this study, gram-positive organisms comprised the majority of pathogens isolated from cultures, and the top three are Staphylococcus aureus, Staphylococcus epidermidis, and Enterococcus faecalis. These results are consistent with earlier findings [15] . Previous efforts have suggested that the majority of the pathogenic bacteria isolated from early infections after spinal surgery are gram-positive cocci, especially Staphylococcus aureus, Staphylococcus epidermidis, and β-hemolytic streptococci [17] . Similar to our findings, the most common bacteria among isolated cocci is Staphylococcus aureus, with a rate of >30% [18, 19] . Common gram-negative pathogenic bacteria during early infections wereEscherichia coli, Pseudomonas putida, Klebsiella pneumoniae, Enterobacter cloacae, Bacteroides spp., and Proteus vulgaris [17] . In the present study, the most predominant gram-negative bacteria found were Escherichia coli, Enterobacter cloacae, and Acinetobacter baumannii.
Gram-negative organisms accounted for 37.5% of the infections, which is higher than the rate described in the literature, whereas gram-negative organisms accounted for 0%-14.2% [20] [21] [22] . However, similar to our study's findings, Abdul-Jabbar et al. [15] reported that 30% of infections were caused by gram-negative organisms. The high incidence of gram-negative organism infections may be because of a certain number of lumbar infections (70.1%) and may reflect skin flora in that region. However, it is unclear whether these infections are primarily due to intraoperative inoculation or postoperative contamination with fecal or urinary flora. Considering our results and previous reports, we can conclude that the above gramnegative and gram-positive pathogenic bacteria are commonly present, to a certain degree, at the surgical site after spinal surgery. This also indicates that the pathogenic bacteria that cause infections after spinal surgery are diverse and complex. Thus, cases of infection should be closely observed to achieve proper diagnosis and treatment. As for the medical therapy for the treatment of polymicrobial infection, we chose the most sensitive antibiotics based upon the antimicrobial susceptibility pattern of bacteria isolated from the cultures. In addition, drug combinations should be considered. Vancomycin-based and ciprofloxacin-based combinations were used for the majority of cases in our study (Table 4) .
Unlike early infection, delayed infection has obscure and atypical symptoms because of low virulence and slow progression. Bacterial pathogens associated with delayed infection after spinal surgery are typically low-virulence strains colonizing the skin, such as coagulase-negative staphylococci, Propionibacterium acnes, and diphtheroids [19] . In the present study, there were three patients with delayed infections, which were caused by Staphylococcus aureus (two patients) and Staphylococcus epidermidis (one patient). According to a previous report [19] , these bacteria may be coagulase-negative strains, and further confirmation may be needed. Furthermore, the source of delayed infections may be intraoperative contamination by low-virulence bacteria, which come out of hibernation as a response to damage of the surrounding tissue and a decrease in local resistance.
Conclusions
Our study suggests that the clinical manifestation and severity of polymicrobial infections after spinal surgery does not differ from that of monomicrobial infections. Nonetheless, the reasonable choice of sensitive antibiotics and a combination of antibiotics should be closely observed for the treatment of polymicrobial infections. The successful treatment of SSIs after spinal surgery requires thorough understanding of diagnostic and management principles.
